Abstract: Without any surfactant, antiferromagnetic Co 3 O 4 nanoparticles were synthesized successfully for the first time by means of an oxidation-reduction method with cobalt sulfate as starting material, which was oxidized to cobalt salt by NaNO 3 after alkalinizing with NaOH. Morphological, structural, spectroscopic and magnetic characterization of the product were done by SEM, TEM, XRD, and VSM, respectively. The average crystallite size (on the base of line profile fitting method), D and σ, is estimated as 30 ± 6 nm. Some anomalous magnetic properties and their enhanced effect have been observed in Co 3 O 4 antiferromagnetic nanocrystallites, including a bias field, coercivity, permanent magnetic moments and an open loop. These phenomena are attributed to the unidirectional anisotropy which is caused by the exchange coupling between AFM and FM layers, the existence of the spin glass like surface spins of Co 3 O 4 nanoparticles due to size effects and surface-area effect.
Introduction
In recent years, transition metal cobalt oxide (Co 3 O 4 ) is known as a promising material due to its extensive applications in lithium-ion batteries, gas sensing, data storage, catalysis and electrochromic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Co 3 O 4 is very attractive for applications involving oxidation reactions because of the presence of mobile oxygen, such as the use of unsupported cobalt oxide as an active catalyst in air pollution control for the abatement of CO [12] , NO x [13] and organic pollutants from effluent streams [14] . Co 3 O 4 is an important magnetic p-type semiconductor, which belongs to the normal spinel crystal structure based on a cubic close packing array of oxide ions, in which Co(II) ions occupy the tetrahedral 8a sites and Co(III) ions occupy the octahedral 16d sites [15] . Extensive work has been done on preparation of Co 3 O 4 nanoparticles, including sol-gel [16, 17] , reduction/oxidation route [18] , thermal decomposition [19, 20] , metal organic chemical vapor deposition (MOCVD) [21] [22] [23] , chemical spray pyrolysis [24, 25] etc. Previously, Co 3 O 4 nanoparticles with various morphologies have been synthesized [26, 27] .
Experimental Procedures

Measurements
X-ray powder diffraction analysis was conducted on a Huber JSO-DEBYEFLEX 1001 Diffractometer (XRD) using Cu K α (operated at 40 kV and 35 mA) radiation.
FTIR transmission spectra were taken on Mattson Satellite Infrared Spectrometer in the range of 4000 to 400 cm -1 . Samples for FTIR characterization were prepared by mixing 3 mg of sample powder with 100 mg of KBr, which was then ground and pressed into a transparent pellet with a diameter of 1 cm. Magnetic measurements were carried out with the Quantum Design Model 6000 Vibrating Sample Magnetometer (VSM) option for the Physical Property Measurement System (PPMS) and parameters like specific saturation magnetization (Ms), coercive force (Hc) and remanence (Mr) were deduced.
Transmission Electron Microscopy (TEM) analysis was performed using a FEI Tecnai G2 Sphera Microscope. A drop of diluted sample in alcohol was dripped on the TEM grid. Following drying, the sample was loaded onto a TEM column for analysis. Particle size distribution was obtained from three micrographs after counting a minimum of 100 particles.
Procedure
Cobalt sulfate heptahydrate, sodium nitrate and NaOH were dissolved in de-ionized H 2 O to prepare Co 2+ , NaNO 3 and NaOH solutions that were 0.8, 0.8 and 3.2 mol L -1 , respectively. Then a predetermined volume of NaOH that was pre-treated with N 2 to remove oxygen under 10 min heating.
When the temperature of the sodium hydroxide went up 60 -100 o C, a stoichiometric volume of cobalt sulphate solution was added dropwise at 10 mL min -1 rate into the three-neck flask while stirring. After exhausting the volume of sodium sulfate solution in 5 min, a predetermined sodium nitrate solution was dropped into the flask and the reaction was kept over night [28] [29] [30] .
Alkalization reaction of ferrous ions has been studied extensively by Refait and Olowe [31, 32] and they proposed a mechanism for the formation of magnetite, Fe 3 O 4 . Based on this mechanism we propose the following route for the formation of Co 3 O 4 : Co 3 O 4 is formed as a result of a three step reaction that can be described as follows: i) formation of Co(OH) 2 as a result of the reaction between CoSO 4 and NaOH; ii) partial oxidation of cobalt hydroxide by NaNO 3 in solution, and finally iii) dehydration reaction of cobalt hydroxide and cobalt oxyhydroxide. Detailed reactions for the suggested mechanism controlling the transformation of cobalt sulfate to the final phase of Co 3 O 4 are given below in the order described above:
(1)
3. Results and discussion
XRD Analysis
XRD analysis performed on the nanoparticles obtained by two different methods revealed that the only phase observed was Co 3 O 4 spinel oxide nanoparticles with ICDD card no of 42-1467. No secondary phases or impurities were observed. The mean size of nanoparticles was estimated from the diffraction pattern using Eq. 1 given in Wejrzanowski et al. [33] and Pielaszek [34] .
The line profile, shown in Fig. 1 , is fitted for 8 peaks (111), (220), (311), (222), (400), (422), (511), (440) and average crystallite size, D and σ, is estimated as 30 ± 6 nm.
FTIR analysis
The FTIR spectrum given in Fig. 2 displays two distinct and sharp bands at 578 (ν 1 ) and 662 (ν 1 ) cm -1 , which originate from the stretching vibrations of the metal-oxygen bond and also confirm the formation of Co 3 O 4 spinel oxide [35] [36] [37] . As it was reported in Kurtuluş et al. [38] , the ν 1 band is characteristic of Co 3+ vibration in the octahedral hole, and ν 2 band was attributed to Co 2+ vibration in tetrahedral hole in the spinel lattice. In the range of 4000 -1000 cm -1 , vibrations of CO 3 2-, NO 3 -and moisture were observed. 
Magnetic Measurements
Magnetic hysteresis measurements performed on Co 3 O 4 nanoparticles prepared by Reflux method (Tev11b) are presented in Figs. 4 and 5. The room temperature M-H curve was linear with the field and has no coercivity and remenance (see Fig. 4 ). The sample can not reach the saturation even in the presence of 5 kOe magnetic field.
Comparatively large coercivity and shifted hysteresis loops at 10 K are observed after field cooling as seen in Fig. 5 . The sample was cooled from room temperature through the Co 3 O 4 antiferromagnetic (AFM) Neel temperature to 10 K in the presence of an applied field. The M-H loop was measured in the +10 kOe to -10 kOe range. A small coercivity and shifted hysteresis loop from the origin is observed after field cooling. The loop was open up to 7.5 kOe and magnetization increased almost linearly with applied field at higher fields up to 10 kOe. Also the magnetization of the sample did not reach saturation even in the presence of 10 kOe magnetic field.
For a system with an open loop up to high applied fields indicates the existence of high surface anisotropy and a spin-glass-like surface layer. The considerable magnetization observed for FC curve indicates that the Co 3 O 4 nanoparticles are in weakly ferromagnetic order. For bulk antiferromagnetic materials, due to the complete compensation of sublattice magnetizations, the net magnetization is zero. It is known that Co 3 O 4 has normal spinel structure with antiferromagnetic exchange between ions occupying tetrahedral A sites and octahedral B sites [39] . Hence, the origin of weak ferromagnetism in our Co 3 O 4 samples can be ascribed to the uncompensated surface spins and/or finite size effects [40] [41] [42] or the partly inverted spinel structure probably by local electron hopping [43] .
On cooling a specimen through the antiferromagnetic (AFM) Neel temperature in the presence of an external applied field, the ferromagnetic (FM) layer displays unidirectional anisotropy resulting in a shift of the hysteresis loop from zero on the field axis by an amount of H eb called the exchange bias field [16] . The central portion of the FC loop at 10 K is shown in Fig. 6 . The loop is broadened and shifted towards applied negative field, which exhibits the typical feature of an exchange bias system with an exchange bias field
)/2 around -49 Oe for our sample. The exchange bias is an interfacial effect of the exchange coupling between AFM and FM layers which induces a unidirectional anisotropy of the FM layer. Both the loop shift and exchange bias field are measures of unidirectional exchange anisotropy. The observation of loop shift, enhanced coercivity, as well as exchange bias field indicate the existence of AFM core and FM surface spin in our Co 3 O 4 nanoparticles, which can be attributed to the uncompensated surface spin due to the reduction of the coordination number at the surface of the AFM Co 3 O 4 nanoparticles [16] . As for the opening of the loop, a spin-glass-like surface system with multiple spin configurations is believed to be its origin. According to Salaba et al. [44] , the surface spins can be separated into two parts. One part is the frozen-in uncompensated spins which do not reverse during the field cycling. The other part is the free spins which can be aligned by an applied field. Thus, in one cycle of loop measurement, part of the magnetization (the frozen-in spins) is lost, leading to the opening of the loop. The existence of the spin-glass-like surface phase can be further confirmed by the training effect of the exchange bias field.
TEM Analysis
Temperature dependence of magnetization of the sample in 200 Oe field-cooled (FC) case is shown in Fig. 7 . As seen in FC curve, magnetization of the sample slightly increases when the temperature is decreased down to 45 K and strongly increases at lower temperatures down to 27 K reaching its maximum value at 27 K. Below 27 K it starts to decrease. This means that the sample showed superparamagnetic behavior above 45 K, ferromagnetic behavior between 25 K and 45 K and antiferromagnetic behavior below the transition temperature of 27 K which is less than that of the bulk value T N = 33 K [44, 45] . This change of transition temperature may be ascribed to smaller particle size indicating a finite size effect of phase transition for the present system.
For the higher temperature region, T ≥ 45 K, the plot of 1/M vs. T is linear indicating that the magnetization of product obeys the Curie-Weiss law with a negative θ value about 17 K.
Conclusion
Co 3 O 4 nanoparticles were successfully synthesized for the first time by oxidation-precipitation method using cobalt sulphate as the starting material, and oxidized by NaNO 3 after alkalizing with NaOH without any surfactant. XRD analysis revealed that the average particle size is 30 nm, which agrees well with the TEM based estimate of 30 -45 nm. From magnetic measurements (M-H and M-T curves), paramagnetic behavior above 45 K, superparamagnetic behavior near the transition temperature, T t , and the ferromagnetic behavior with slight hysteresis below T t were observed. These behaviors should be due to the uncompensated surface spins on extremely small particle systems. A deviation of Neel temperature from the bulk value is observed which can be described by the theory of finite size scaling. An enhanced coercivity as well as a loop shift observed below Neel temperature under an applied field (FC case) are attributed to unidirectional anisotropy which is caused by the exchange coupling between AFM and FM layers. The opening of the loop up to high applied fields can be better explained by the existence of the spin glass like surface spins of Co 3 O 4 nanoparticles. 
